A key limitation of electron paramagnetic resonance (EPR), an established and powerful tool for studying atomic-scale biomolecular structure and dynamics is its poor sensitivity; samples containing in excess of 10 12 labeled biomolecules are required in typical experiments. In contrast, single molecule measurements provide improved insights into heterogeneous behaviors that can be masked by ensemble measurements and are often essential for illuminating the molecular mechanisms behind the function of a biomolecule. We report EPR measurements of a single labeled biomolecule that merge these two powerful techniques. We selectively label an individual double-stranded DNA molecule with a single nanodiamond containing nitrogen-vacancy (NV) centers, and optically detect the paramagnetic resonance of NV spins in the nanodiamond probe. Analysis of the spectrum reveals that the nanodiamond 2 probe has complete rotational freedom and that the characteristic time scale for reorientation of the nanodiamond probe is slow compared to the transverse spin relaxation time. This demonstration of EPR spectroscopy of a single nanodiamond labeled DNA provides the foundation for the development of single molecule magnetic resonance studies of complex biomolecular systems.
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Introduction
Single molecule studies are essential to understanding the structural dynamics of biomolecules and the mechanisms responsible for their functions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Many single molecule techniques probe local biomolecular dynamics [1-5, 7, 8, 10] and their impact on distributions of structures and correlation times [1, 3-5, 8, 10] of these systems, providing insight into mechanisms underlying biomolecular functionality [1, 2, 4, 6, [8] [9] [10] . Single molecule techniques typically rely on the attachment of a probe that can be detected and/or manipulated at the single probe level, such as organic fluorophores, quantum dots, gold nanoparticles, super paramagnetic particles and polystyrene beads. [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] An essential aspect for using these probes for single molecule detection is the development of the chemistry that enables site-specific attachment of the probe to the biomolecule of interest. The remaining key challenge is the development of electron spin probes that can be detected at the single molecule level and site-specifically attached to biomolecules. Such a probe could enable electron paramagnetic resonance (EPR) studies of single biomolecules.
EPR is a proven and versatile method of quantifying time scales and the degree of rotational freedom of molecular motion. [12] [13] [14] [15] [16] [17] [18] Motion on sub-nanosecond through millisecond timescales can be explored using existing continuous wave and pulsed EPR techniques, [16, 17] offering a potentially powerful enhancement in dynamic range available in studies of individual biomolecules. The power of EPR for measuring structural dynamics at widely varying rates arises from the sensitivity of the EPR spectral lineshape to motion that alters the magnetic resonance frequency. This has the advantage that fluctuations due to motion, characterized by a correlation time , will be evident through its impact on linewidth and hence limited by intrinsic spectral linewidth relative to the mechanism responsible for motion dependent broadening, the Zeeman interaction in this case. Fluctuations arising from motion will average the dephasing induced by this interaction leading to a linewidth proportional to .
The ability to tune this via the Zeeman interaction makes the sub-nanosecond regime accessible. This approach complements imaging approaches such as fluorescence resonance energy transfer (FRET), optical tweezers and magnetic tweezers that measure motion through sequential measurements in the time-domain, and thus are limited for short  by their sampling rate. However, the severe sensitivity limitation imposed by conventional inductive detection of the EPR signals of site-specifically attached spin probes, such as a nitroxide, imposes the requirement that measured samples contain 10 10 -10 15 electron spin-labeled molecules [19] [20] [21] . In the case of large biomolecular complexes, fabrication of such numbers of molecules can present a serious technical and feasibility challenge. More generally, crucial information on molecular function of biomolecular complexes is masked by the averaging that is inherent to ensemble studies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Recent advances using NV diamond ODMR to measure dynamics of adjacent spin labeled proteins [22] and nanomagnets [23] demonstrate this approach for sensitive detection of dynamics. In the complementary approach we present here, the nanodiamond is site specifically attached to a single bio-molecule creating an ESR active, in-situ spin label that can be sensitively detected using NV ODMR for measuring molecular dynamics. This approach to performing EPR on an individual spin-label offers an attractive tool that could enable application of these high-resolution spectral techniques for probing biomolecular structure and dynamics of single molecules.
Here, we take advantage of the nitrogen-vacancy (NV) defect center in diamond that offers an extraordinarily sensitive method of optically detecting the EPR. [24] [25] [26] [27] We demonstrate optical detection of EPR from the NV centers in a single-crystal nanodiamond that is attached to a single biomolecule; in particular we report site-specific labeling of double stranded DNA molecules with individual nanodiamonds, the experimental design for optically detecting magnetic resonance from nanodiamond labeled DNA, and experimental measurements of the EPR spectra of these nanodiamond-labeled DNA molecules. The
Zeeman shift of the magnetic resonance frequency is sensitive to the orientation of the applied magnetic field relative to the symmetry axis of the NV center making the EPR spectrum sensitive to fluctuations of the orientation of the diamond crystal. This can be used to report on the local flexibility of the biomolecule to which the spin probe is attached, such as is done with EPR studies of nitroxide labeled biomolecules. [15] [16] [17] [18] Our single molecule EPR (smEPR) spectra demonstrate that the nanodiamond probe, while attached to a single DNA molecule, explores all available orientations on timescales slower than the spin relaxation time, T 2 , of the nanodiamond. In this slow motional limit, the spectrum of the single nanodiamond is equivalent to that obtained from a large collection of nanodiamonds because all crystalline orientations will be represented in this static collection; the spectrum in this case is a powder pattern. [12, 13] These studies demonstrate the feasibility of using NV containing nanodiamonds to probe biomolecular dynamics with smEPR and provides a foundation for combining the ability to spectroscopically measure many decades of motional time scales provided by EPR with the power of single molecule methodologies.
Results

EPR measurements of the NV center in diamond
To perform a continuous wave optically detected magnetic resonance (ODMR) measurement, the NV center is irradiated with a microwave magnetic field, varying its frequency until it matches the energy difference between its m s =0 and m s =±1 states thus driving one or both of these transitions. This increases the population of the ±1 states which are able to decay through a non-radiative transition thus reducing the fluorescence from the NV center. [24] [25] [26] [27] These magnetic resonance frequencies are shifted in a magnetic field due to the Zeeman interaction with the electronic moment. The magnitude of this shift depends on the orientation of the magnetic field relative to the symmetry axis of the NV center, being largest when the field is parallel to this axis and vanishing when they are perpendicular. In Figure 1b we show an ODMR spectrum from an single-crystal diamond which exhibits eight lines, two arising from each of the four orientations of the NV center symmetry axis allowed by the diamond crystalline structure. [24] [25] [26] [27] We show the fluorescence quenching as peaks instead of valleys. In this manuscript, we report ODMR measurements of an individual nanodiamond crystal attached to single DNA molecule in which we spectroscopically measure the consequences of rotational motion of the nanodiamond crystal, and hence the molecule, relative to the applied magnetic field.
Experimental Design for ODMR of a Single Biomolecule
An ODMR measurement of a single nanodiamond attached to a DNA molecule requires optical and microwave excitation with optical detection in a controlled aqueous environment. 
Site-specific attachment of a single nanodiamond to a DNA molecule
The application of an NV nanodiamond as a spin probe requires that it be site-specifically attached to a DNA or protein molecule. We took advantage of the biotin-streptavidin-biotin linkage, which has been widely used in previous single molecule measurements. [1, 2, 4, 6, 10] We biotinylated the surfaces of the nanodiamonds (Figure 3 ) prepared by high pressure high temperature (HPHT) methods. HPHT diamonds that have largely sp 3 hybridized carbon are much easier to surface functionalize than detonation nanodiamonds, which can contain sp 2 (graphitic) carbon surfaces. [28] Following repeated acid reflux cleaning of the nanodiamond, they were incubated in glycidol to introduce alcohol groups on to the surface. The surface was then sequentially treated with N'-disuccinimidyl carbonate (DSC), 4,7,10-Trioxa-1,13-tridecanediamine (TTDD), and then NHS-dPEG®-biotin. This resulted in biotin covalently attached to the diamond surface that is sufficiently extended out from the diamond surface for efficient streptavidin binding. The nanodiamonds were then incubated with excess streptavidin, followed by two rounds of centrifugation to remove the unreacted streptavidin.
We used 16μm long Lambda DNA that was labeled at one end with biotin and the opposite end with digoxigenin for the smEPR measurements. The biotin-labeled end of the lambda DNA molecule was attached to a single biotinylated nanodiamond coated with streptavidin, while the digoxigenin labeled end of the Lambda DNA molecules were tethered to the anti-digoxigenin coated glass surface in the smEPR flowcell (Figure 4a) . [29] Epifluorescence microscopy was used to verify correct linkage between the anti-digoxigenin coated surface and a biotinylated NV nanodiamond (Figure 4b ). Fluorescence images of SYBRgold (Invitrogen, S11494) labeled single Lambda DNA molecules tethered between the glass surface and a nanodiamond were acquired at two separate emission wavelengths. The Figure 5 shows the results of this single-molecule measurement. Figure 5a shows the ODMR spectrum of a single static nanodiamond crystal. As discussed above, this results in well-defined peaks where the largest shifts arise from NV centers having the largest projection of applied magnetic field parallel to their symmetry axis. In contrast, a collection of stationary but randomly oriented, nanodiamonds will exhibit a distribution of shifts because all possible orientations are represented ( Figure 5b) ; this result is a powder spectrum. The uniform intensity of the spectrum reflects the uniform probability of finding an NV center having any particular orientation relative to the applied field. The spectrum cuts off at a maximum frequency associated with the subset of NV centers whose axes are parallel to the applied field, thus the magnitude of the cutoff is equal to the full Zeeman shift in the particular applied magnetic field.
Single Molecule Electron Paramagnetic Resonance
A similar spectrum results from a single nanodiamond crystal if it dynamically rotates through all possible orientations during the acquisition of the spectrum. Figure 5c shows the ODMR spectrum obtained from the single nanodiamond tethered to the end the DNA molecule. The close similarity to the powder spectrum confirms our expectation that the nanodiamond probe rotates isotropically, and hence freely, through all possible orientations.
It is also consistent with the fact that, due to its ~100 nm diameter, its characteristic rotational fluctuation timescale, τ R , is slow compared to the characteristic transverse spin relaxation time T 2 , typically in the range 0.25-1.4 μs or longer for NV centers in nanodiamond samples. [30] For smaller nanodiamonds having τ R smaller than T 2 , the short correlation time would lead to motional averaging, that is, a reduction of the net effect of motion on the evolution of the NV spin under the influence of the applied magnetic field leading to a reduction of the width of the resonance line and hence a spectrum with sharper lines.
The ODMR spectra of both the powder and the single nanodiamond tethered to the DNA molecule were measured at three different applied fields: 0 Gauss, 19 Gauss and 32
Gauss. The solid lines show a comparison of our simulation of the spatially-averaged powder dispersion spectrum for nanodiamonds that was fit to both data sets. The details of this data fitting can be found in the materials and methods section. The field values extracted from these fits are 0 G (red) (fixed), 18.7 ± 0.05 G (blue), and 32.6 ± 0.09 G (green) for the powder spectra, 0 G (red) (fixed), 19.0 ± 0.26 G (blue), and 32.1 ± 0.28 G (green), for the smEPR spectra. The fitted values agree well, within the error, with our determinations of the fields applied by means of a set of moveable rare-earth magnets.
Discussion and Conclusions
The combination of optical detection of EPR within a buffered biocompatible solution with the site-specific attachment of an NV nanodiamond to a DNA molecule demonstrates the feasibility of EPR measurements on a single spin-labeled biomolecule. Given the wide use of ensemble EPR measurements of spin-labeled biomolecules, [15] [16] [17] [18] the realization of single molecule EPR helps enable the development of a broadly applicable methodology for investigating single biomolecular structures and their dynamics. Furthermore, our attachment strategy of biotin-streptavidin-biotin for site-specific labeling of a nanodiamond to a DNA molecule is compatible with RNA , proteins, and lipid vesicles. [1-4, 6, 8-10] This suggests that our approach to NV diamond site-specific labeling can be used with a wide variety of biomolecular systems.
Given the potential of this single molecule methodology, we consider the ultimate scope of this continuous wave (CW) EPR approach. There are two key time scales that influence this application: (i) the mechanical rotation correlation time of the spin label, τ R , and
(ii) the ensemble spin lifetime, T 2 . [30] For the case where τ R >> T 2 , the CW EPR spectrum depends on the range of rotational freedom of the nanodiamond label. As the nanodiamond label converts from unrestricted to highly constrained rotational motion, the EPR spectrum will convert from a powder pattern to a spectrum with eight peaks, as we observed in this study (Fig. 5 ). These observations suggest that analysis of the nanodiamond EPR spectrum could be used to determine the rotational freedom of the biomolecular region around the site of nanodiamond attachment, as is used in ensemble CW EPR measurements. [15] [16] [17] [18] For the case where τ R << T 2 , the mechanical rotation of the nanodiamond will motionally narrow the spectrum as is observed in other spin-labelled systems. [15] [16] [17] [18] The nanodiamond τ R can be estimated by considering the rotational correlation time of a sphere, 4πr 3 η/3k B T, where r is the radius, η is the viscosity of water (10 -3 Pa sec) and k B T is the thermal energy unit at room temperature. The data in Figure 5 represents a measurement on a ~100 nm nanodiamond, which implies a τ R ≈ 100 μsec. Given that the nanodiamond T 2 is 0.25 -1.4 μs, [30] the measurements reported here are in the limit τ R >> T 2 , so consistent with our measured powder pattern EPR spectrum. However, measurements where τ R ≤ T 2 appear achievable. Reduction of the nanodiamond size to reported values of 10 nm will reduce τ R to about 0.1 μsec, which is less than the reported nanodiamond T 2 . [30] In addition to reducing τ R , T 2 can be increased by improving the purity of the nanodiamond. Spin lifetimes as long as 0.7 msec have been reported for highly pure nanodiamonds in aqueous environments. [31] These results combine to suggest that partial motional narrowing could lead to modifications of the single nanodiamond EPR spectrum, providing information about the local biomolecular dynamics of the region surrounding the site of nanodiamond attachment.
Beyond these CW applications to individual biomolecules, many of the advances described above have important implications for related techniques and experimental geometries. For example, the attachment chemistry developed for the nanodiamonds can be used in conjunction with recent experiments demonstrating in vivo measurements [32] to achieve targeted labeling of cellular structures. That same study demonstrated in vivo measurements on NV nanodiamonds. [32] A separate study demonstrated CW EPR of a single nanodiamond within an optical trap. [33] The ability to site-specifically attach a biomolecule to a nanodiamond demonstrated here provides a key step toward the integration of force spectroscopy via optical trapping [2, 3, 6, 8] and EPR spectroscopy.
Finally, we note that the CW EPR techniques employed in this study provide a foundation for the development of more sophisticated pulsed EPR techniques in much the same way that ensemble CW EPR studies paved the way for pulsed studies of large ensembles. A promising next step is to apply pulsed ODMR techniques to this measurement which will enable substantially improved spectral resolution. [34] In combination with smaller nanodiamond labels, this could enable quantitative measurement of both motional timescales and the rotational freedom of the single molecules to which the probe is attached.
Experimental Section
Nanodiamond Sample Preparation: The NV nanodiamonds (Van Moppes SYP0.09) are synthesized from a high pressure, high temperature diamond with a nitrogen impurity content of n N ~200 ppm. The diamond is milled down via micro-fracturing into monocrystalline nanodiamonds with a size distribution of 10-200 nm in diameter. The nanodiamond is then irradiated (Prism Gem) with a 1.5M eV, 3.48x10 18 /cm 2 per hour electron beam for three hours to create a vacancy density of n V ~59 ppm. The nanodiamond is then annealed at 900 °C for 3 hours in 96% Ar and 4% H 2 to bring the nitrogen impurities and vacancies adjacent to each other to create NV centers which typically leads to an NV center density of approximately 30 ppm. [35] [36] [37] [38] Next, the nanodiamonds are cleaned to remove any graphitic residue from the surface.
The removal of the graphite both prepares the surface of the diamond for biochemical functionalization [28, 39] and also reduces damping of the fluorescence of the NV centers near to the surface of the nanocrystal due to surface effects. [30, 39, 40] The nanodiamond powder is acid-cleaned under reflux. First it is boiled in a 9:1 mixture of H 2 SO 4 (98%) and HNO 3 (70%) at 90 °C for 3 days. Next, it is washed in deionized water and then resuspended in a new 9:1 acid mixture and boiled for 1 day. Then, it is washed and resuspended in 0.1 M NaOH and boiled at 90 °C under reflux for 2 hours. Finally, it is washed and resuspended in 0.1 M HCl and boiled at 90 °C for another 2 hours. The first two acid-washing steps in H 2 SO 4 and HNO 3 are then repeated. And lastly, it is triple rinsed with deionized water and ready for surface functionalization. [28, 30, [39] [40] [41] [42] [43] [44] Nanodiamond Surface Biotinylation: The acid-reflux cleaning of the nanodiamond prepares the surface with terminal carboxyl groups. [28, 39, [42] [43] [44] The nanodiamond is then reacted with glycidol (Sigma-Aldrich, St. Louis MO) to create a hydroxyl terminated surface. [45, 46] The diamonds were then rinsed three times with dimethylacetamide (DMAC) and resuspended in 100uL of the same solvent. This was diluted into 900uL of dimethylformamide (DMF) containing 100 mM N'-disuccinimidyl carbonate (DSC, EMD Millipore, Billerica, MA) and allowed to react for 2 hours at room temperature. Unreacted DSC was removed by washing three times in DMAC then quickly rinsing once in cold phosphate-buffered saline containing 0.05% Tween 20 (PBST). The NHS-activated diamonds were resuspended in PBST having a 1% solution of 4,7,10-Trioxa-1,13-tridecanediamine (TTDD, Sigma-Aldrich St. Louis MO). Reaction was incubated for 2 hours at room temperature and unreacted TTDD was removed by exhaustive rinsing with PBST.
The resulting amine-PEG 3 -functionalized diamonds were finally reacted with 0.22 μM/mL NHS-dPEG®-biotin (Quanta Biodesign, Powell, OH) for 2 hours, triple rinsed in PBST and finally suspended in PBST for the experiment. This process is illustrated in Figure 3a .
Lambda DNA preparation: Lambda DNA functionalized with biotin and digoxigenin was prepared using commercially available linear lambda DNA (New England Biolabs)
which contains a 12 nucleotide 5' overhang on either end. . [29] The DNA molecule is bound to the glass surface of our flow cell using an Antidigoxygenin-Digoxygenin antibody attachment. A schematic of this chemistry is given in Figure 3b .
To create the single DNA-nanodiamond attachments on the flow cell surface, first the biotinylated NV nanodiamond is pipetted into 1 mg/mL Streptavidin (Sigma S4762-1MG).
After a 10 minute incubation period, the excess Streptavidin is removed with two washes in phosphate buffered saline ( From these fits we can extract the applied field, strain, and resonance linewidth of the NV centers. The NV center is well described by the Hamiltonian [26] (1)
where D = 2.87 GHz is the zero-field splitting, g e is the electron g-factor, is the Bohr magneton, B is an externally applied magnetic field, E is the strain, and S x , S y , S z are the spin-1 Pauli matrices. Since carbon-13 is 1.1% abundant, some NV centers will also experience a strong hyperfine interaction with the carbon-13 nuclear spin, which adds an additional term to the Hamiltonian, , where A is the hyperfine tensor and I is the carbon-13 nuclear spin.
Diagonalization of the Hamiltonian yields the allowed eigenstates, which are sensitive to the direction of the applied magnetic field. Each NV center is defined along one of diamond's four crystallographic axes, and the zero-field splitting term quantizes the NV center's zcomponent of spin along this axis. The eigenstates depend upon the angle between the NV axis and the applied magnetic field, which is important for fitting the powder of nanodiamonds, in which there are NV centers randomly oriented in any direction.
We generate the powder pattern spectra shown in Figure 4 by using the conventional formula described by Abragam. [13] We find the energy splitting of the two allowed spin transitions, i.e. between the 0 and +/-1 spin states, at a particular angle. We use a Lorentzian lineshape to describe the resonance, which yields a simulated resonance spectrum for a single nanodiamond. We then find the spectrum averaged over all angles in order to simulate the full powder spectrum. We apply this method to simulate both the static spectrum of many nanodiamonds dispersed on a surface, and the dynamic spectrum of a single nanodiamond attached to a DNA strand. Our experiment records the spectrum of the attached nanodiamond as it varies it's orientation in time, exploring all orientations, such that a powder spectrum is a good approximation.
We then fit the simulated spectrum to the data to extract the relevant physical parameters. We first fit the zero-applied field powder spectrum data to extract the linewidth and strain, which causes the prominent dip in the center of the spectrum. The spectrum is the superposition of two spectra, NV centers without 13 C interactions, and NV centers with 13 C interactions which cause the bumps on the edges of the spectra. The relative amplitudes for these two populations is also a fit parameter. We then fix linewidth, strain, and relative amplitude of the 13 C-interacting population, and only allow the applied magnetic field to be a fitting parameter for the spectra with applied fields. For the powder spectra in Figure 4 , the fits give estimated parameter errors which are less than a Gauss for the three spectra with applied magnetic field. for NV centers.
